Binding of EGF to its receptor induces dimerization of the normally monomeric receptor. Activation of its intracellular tyrosine kinase then occurs through the formation of an asymmetric kinase dimer in which one subunit, termed the "receiver" kinase, is activated by interaction with the other subunit, termed the "activator" kinase [Zhang, et al. (2006 ) Cell 125: 1137-1149. Although there is significant experimental support for this model, the relationship between ligand binding and the mechanics of kinase activation are not known. Here we use luciferase fragment complementation in EGF receptor (EGFR)/ErbB2 heterodimers to probe the mechanics of ErbB kinase activation. Our data support a model in which ligand binding causes the cis-kinase (the EGFR) to adopt the receiver position in the asymmetric dimer and to be activated first. If the EGF receptor is kinase active, this results in the phosphorylation of the trans-kinase (ErbB2). However, if the EGF receptor kinase is kinase dead, the ErbB2 kinase is never activated. Thus, activation of the kinases in the EGFR/ErbB2 asymmetric dimer occurs in a specific sequence and depends on the kinase activity of the EGF receptor.
Binding of EGF to its receptor induces dimerization of the normally monomeric receptor. Activation of its intracellular tyrosine kinase then occurs through the formation of an asymmetric kinase dimer in which one subunit, termed the "receiver" kinase, is activated by interaction with the other subunit, termed the "activator" kinase [Zhang, et al. (2006) Cell 125: 1137-1149]. Although there is significant experimental support for this model, the relationship between ligand binding and the mechanics of kinase activation are not known. Here we use luciferase fragment complementation in EGF receptor (EGFR)/ErbB2 heterodimers to probe the mechanics of ErbB kinase activation. Our data support a model in which ligand binding causes the cis-kinase (the EGFR) to adopt the receiver position in the asymmetric dimer and to be activated first. If the EGF receptor is kinase active, this results in the phosphorylation of the trans-kinase (ErbB2). However, if the EGF receptor kinase is kinase dead, the ErbB2 kinase is never activated. Thus, activation of the kinases in the EGFR/ErbB2 asymmetric dimer occurs in a specific sequence and depends on the kinase activity of the EGF receptor.
T he EGF receptor is a member of the ErbB family of receptor tyrosine kinases that also includes ErbB2, ErbB3, and ErbB4 (1, 2). All ErbB receptors contain an extracellular ligand-binding domain, a single pass transmembrane domain, an intracellular tyrosine kinase, and a C-terminal tail (3) . The EGF receptor, ErbB3, and ErbB4 are activated through the binding of a family of homologous ligands (4) . Unique among the ErbB receptors, ErbB2 has no known ligand (5, 6) .
Binding of an ErbB ligand to its receptor induces dimerization of the receptor through interaction of the extracellular domains. Essentially all combinations of ErbB receptors are possible. However, the ligandless ErbB2 appears to be the preferred heterodimerization partner among ErbB receptors (7, 8) .
Ligand-induced dimerization of the extracellular domains leads to the activation of the intracellular tyrosine kinase through the formation of an asymmetric kinase dimer (9) (10) (11) . In the asymmetric dimer, the C lobe of the activator kinase interacts with the N lobe of the receiver kinase in a manner similar to that in which cyclin A interacts with cyclin-dependent kinase (12) . This interaction leads to the activation of the receiver kinase, which then phosphorylates the C-terminal tail of the activator kinase.
Although a substantial body of evidence supports this model for EGF receptor kinase activation (9) (10) (11) 13) , it is not clear how the binding of ligand to the extracellular domain directs the assembly of the intracellular asymmetric kinase dimer. In particular, if ligand binds to one subunit in an ErbB dimer, which kinase domain adopts the activator and which adopts the receiver position in the asymmetric dimer, or is the choice made randomly? Once formed, does the asymmetric kinase dimer readily shift from one configuration to the reciprocal one, activating each kinase in turn, or is this a controlled process?
We have previously used luciferase fragment complementation imaging to monitor the dimerization of and conformational dynamics in the EGF receptor in real time in live cells (14, 15) . Stimulation of full-length receptors with EGF leads to a rapid decrease in luciferase activity followed by a slower recovery back to baseline levels. The results suggest that luciferase complementation can take place in EGF receptor predimers (16) (17) (18) (19) (20) . Upon addition of EGF, a conformational change occurs that initially separates the luciferase fragments but subsequently they are brought back into proximity. These conformational dynamics are strictly dependent on kinase activation. In the kinase-dead EGF receptor, where dimerization occurs but no phosphorylation takes place, only a monotonic rise in luciferase activity is observed (14) . Thus, the pattern of luciferase complementation is distinctly different for wild-type and kinase-dead receptors.
In the work reported here, we use luciferase fragment complementation imaging to monitor the ability of the EGF receptor to interact with and activate the ligandless ErbB2. We find that EGF induces the same conformational dynamics in the kinaseactive EGF receptor (EGFR)/ErbB2 heterodimer as it does in the kinase-active EGF receptor homodimer. Similarly, EGF elicited the characteristic monotonic rise in luciferase activity in the kinase-dead version of the EGF receptor/ErbB2 heterodimer. Interestingly, in "half-dead" heterodimers containing one wildtype and one kinase-dead receptor, the pattern of luciferase activity was determined by the activity status of the kinase domain of the ligand-binding EGF receptor subunit. Assays of kinase and signaling activities in the half-dead pairs were consistent with the results of the luciferase assays.
The data support a model in which ligand binding directs the EGF receptor to adopt the receiver position in the asymmetric dimer and to phosphorylate ErbB2. In the absence of this phosphorylation event, the ErbB2 kinase domain is never activated. These observations provide key mechanistic insight into the activation and functioning of the EGF receptor/ErbB2 asymmetric kinase dimer.
Results
Dimerization of the EGF Receptor and ErbB2. Firefly luciferase can be split into an N-terminal fragment and a C-terminal fragment, neither one of which exhibits enzymatic activity on its own. However, when the fragments are brought together, they interact to form a functional luciferase enzyme (21, 22) (Fig. S1) . Thus, luciferase fragment complementation can be used to assess changes in the proximity of the proteins to which the fragments have been fused.
The N-terminal fragment of firefly luciferase (NLuc) was fused to the C terminus of a truncated version of ErbB2 that contained only the extracellular and transmembrane domains of that receptor (ΔC-B2-NLuc). The C-terminal fragment of firefly luciferase (CLuc) was fused to the C terminus of a similarly truncated EGF receptor (ΔC-B1-CLuc) (see Fig. S1 for constructs used in these experiments). For sake of simplicity, the EGF receptor is referred to as "B1" in all constructs and ErbB2 is referred to as "B2".
CHO cells do not express EGF receptors and express barely detectable levels of endogenous ErbB2. They were therefore used as the parental cell line in these experiments. CHO cells were transfected with ΔC-B1-CLuc and ΔC-B2-NLuc, and a doublestable cell line was selected. Because a ΔC-B2-NLuc must partner with a ΔC-B1-CLuc to reconstitute an active luciferase, this system only reports on heterodimer formation. However, it is possible that heterodimer complementation is occurring within the context of larger oligomers. Although EGF receptor homodimers may form, they do not produce a signal. We have previously generated the equivalent double-stable ΔC-B1-NLuc/ΔC-B1-CLuc CHO cell line for monitoring dimerization in the truncated homodimer (14) and that line was used here for comparison purposes.
Both cell lines were assayed for EGF-stimulated luciferase activity. Addition of EGF to CHO cells expressing ΔC-B1-NLuc/ ΔC-B1-CLuc homodimers led to a dose-dependent increase in luciferase activity (Fig. 1A) . These data indicate that, as expected, EGF induces the formation of EGF receptor homodimers, resulting in enhanced complementation of the luciferase fragments. Similar findings were observed with the ΔC-B2-NLuc/ΔC-B1-CLuc heterodimeric pair (Fig. 1B) . Both the time course and the dose response to EGF were similar in the truncated EGF receptor homodimers and the truncated EGFR/ErbB2 heterodimers.
Similar experiments were performed using stable cell lines expressing full-length EGF receptors and full-length ErbB2 fused to the luciferase fragments. The results are shown in Fig. 2 . As we have reported previously (14, 15) , addition of EGF to cells expressing B1-NLuc/B1-CLuc homodimers resulted in a rapid dose-dependent decrease in luciferase activity followed by a slow recovery toward baseline levels ( Fig. 2A) . A similar pattern was seen in cells expressing the B2-NLuc/B1-CLuc heterodimers (Fig. 2B ). However, luciferase activity in the heterodimers consistently recovered to a level above baseline before dropping back to basal levels of complementation. This result may be because of greater stability or more extensive dimerization of the heterodimers. As with the truncated receptors, both the kinetics and the dose response to EGF for the heterodimerization of the EGF receptor and ErbB2 were comparable to those for the homodimerization of the EGF receptor. Complementation in Kinase-Dead and Mixed Wild-Type/Kinase-Dead Pairs. The conformational dynamics observed in the full-length homo-and heterodimers are dependent on the kinase activity of the receptors. In cells expressing full-length, kinase-dead EGF receptors fused to the luciferase fragments (KD-B1/KD-B1), addition of EGF resulted in a monotonic rise in luciferase activity (Fig. 3A) , similar to what was seen when the C-terminally truncated EGF receptor constructs were used. As we have noted previously (14) , this result suggests that EGF induces dimerization of the kinase-dead EGF receptors but the intracellular conformational dynamics do not occur because they require activation of the receptor tyrosine kinase. EGF stimulated a similar monotonic increase in luciferase activity in cells expressing the fulllength, kinase-dead EGF receptor paired with full-length, kinasedead ErbB2 and fused to the appropriate luciferase fragments (KD-B1/KD-B2). Thus, the kinase-dead homodimers and heterodimers both yield a pattern of luciferase complementation that is distinct from that observed for the wild-type dimers.
Several questions arise when considering the EGF-induced activation of the tyrosine kinase domains in the EGFR/ErbB2 heterodimer. First, is there a particular order of activation of the kinases or is the selection of the activator and receiver positions in the asymmetric dimer random? Second, if the order is not random, is the kinase of the ligand-binding EGF receptor subunit activated first (the cis-kinase) or is the kinase in the non-ligandbinding ErbB2 subunit (the trans-kinase) activated first?
To address these questions, we generated two double-stable CHO cell lines in which one of the heterodimeric partners was wild type, and the other partner was kinase-dead. In cells expressing wild-type EGF receptor but kinase-dead ErbB2 (WT-B1/ KD-B2), addition of EGF resulted in a pattern of luciferase activity similar to that seen in dimers in which both partners had wild-type kinase activity (Fig. 3B, blue line) . There was a rapid decrease in luciferase activity followed by a slow recovery back to baseline levels. Because luciferase complementation requires interaction of the NLuc and CLuc fragments, this result reflects the behavior of only the EGFR/ErbB2 heterodimers. The EGF receptor homodimers, which would be entirely wild type, do not produce a signal in this assay. Thus, the heterodimers containing wild-type EGF receptors but kinase-dead ErbB2 exhibit fully wild-type conformational dynamics.
In contrast to the behavior of the WT-B1/KD-B2 pair, in cells expressing kinase-dead EGF receptors and wild-type ErbB2 (KD-B1/WT-B2), addition of EGF led to a slow, monotonic rise in luciferase activity (Fig. 3B, red line) . This pattern is characteristic of the luciferase complementation seen in dimers in which both partners were kinase-dead. Thus, the pattern of luciferase complementation in the two sets of half-dead heterodimers is different and appears to be determined by the activity status of the EGF receptor kinase domain.
The kinase-dead K721A mutation of the EGF receptor used here impairs kinase activity because it precludes the formation of a salt bridge with Glu-738 that stabilizes the α-C helix in its active conformation (9, 11, 23) . This mutation may also impact the ability of the subunit to serve as a receiver kinase, enhancing its kinase-dead phenotype. However, the K721A-EGF receptor is perfectly capable of serving as an activator kinase. Thus, the failure of this kinase-dead receptor to activate the ErbB2 kinase in the half-dead heterodimer is not because of its inability to form an activating asymmetric dimer with ErbB2 in the receiver position.
One difference between the EGF receptor and ErbB2 is that the EGF receptor binds ligand whereas ErbB2 does not. Therefore, the difference in luciferase complementation observed between the WT-B1/KD-B2 and KD-B1/WT-B2 pairings could be related to whether the ligand-binding subunit is kinase-active or kinase-dead. To further explore the relationship between ligand binding and the pattern of luciferase complementation, a cell line coexpressing wild-type EGFR-NLuc and kinase-dead EGFR-CLuc (WT-B1/KD-B1) was generated. This pairing differs from the half-dead heterodimers because, in the half-dead EGF receptor homodimer, both subunits can bind ligand. In the halfdead heterodimers, only one subunit can bind ligand. Addition of EGF to this half-dead homodimer cell line (Fig. 3B , black line) resulted in a phenotype that was distinct from that observed for either of the half-dead EGFR/ErbB2 heterodimers. The initial rapid decrease in luciferase activity was largely absent, but a slow rise in activity occurred over a time course similar to that of the recovery of activity in the WT-B1/KD-B2 pairing. This phenotype can be viewed as intermediate between the fully wild-type and the fully kinase-dead patterns. Importantly, this phenotype is different from that observed for either of the half-dead heterodimers, indicating that the ability of both subunits of the dimer to bind ligand gives rise to a different pattern of luciferase complementation. Only in the KD-B1/WT-B2 pairing, in which ligand binding is restricted to the kinase-dead subunit, is the fully kinasedead phenotype in luciferase activity observed.
Based on the patterns of EGF-stimulated luciferase activity, our data would suggest that the WT-B1/KD-B2 pair should be kinase-active, and the KD-B1/WT-B2 pair should be kinase-dead. To test this prediction, EGF-stimulated tyrosine phosphorylation of the EGF receptor and ErbB2 in the half-dead heterodimers was determined along with the ability of these pairings to mediate the activation of MAP kinase and Akt. The results are shown in Fig. 4 .
Expression of kinase-dead ErbB2 by itself in CHO cells resulted in no phosphorylation of ErbB2 and no activation of MAP kinase or Akt (Fig. 4, lanes 1 and 2) . Thus, kinase-dead ErbB2 is completely inactive. As expected, when wild-type EGF receptor and wild-type ErbB2 were coexpressed in CHO cells, both receptors were tyrosine phosphorylated in response to EGF and there was strong activation of MAP kinase and Akt (Fig. 4, lanes 3  and 4) . Coexpression of wild-type EGF receptor with kinase-dead ErbB2 also resulted in strong EGF-dependent tyrosine phosphorylation of both the EGF receptor and ErbB2 (Fig. 4, lanes 5  and 6) . In addition, the activity of both MAP kinase and Akt was stimulated in response to EGF.
In this half-dead heterodimer, phosphorylation of the kinasedead ErbB2 presumably occurs as a result of heterodimer formation with the wild-type EGF receptor. This observation indicates that ErbB2 does not need to be kinase active to serve as a substrate for the EGF receptor. Autophosphorylation of the EGF receptor would presumably take place in the context of homodimers of wild-type EGF receptors. Thus, the fact that the level of EGF receptor phosphorylation was high and that MAP kinase and Akt were strongly activated in this half-dead heterodimer does not provide diagnostic information on the function of the heterodimer. However, the finding that ErbB2 is phosphorylated normally is consistent with the results of the luciferase assay that show wild-type conformational dynamics in this pairing.
In cells expressing only the kinase-dead EGF receptor (Fig. 4,  lanes 7 and 8) , addition of EGF failed to induce receptor autophosphorylation, even after very long exposures of the blots. Furthermore, there was no activation of either MAP kinase or Akt, indicating that this mutant receptor is inactive. Expression of wild-type ErbB2 alone (Fig. 4, lanes 9 and 10) resulted in very weak phosphorylation of ErbB2 that could only be visualized by long-term exposure of the blots, and there was no activation of MAP kinase or Akt. Neither receptor autophosphorylation nor downstream signaling was affected by the addition of EGF, indicating that the EGF receptor must be present to stimulate signaling via ErbB2. Surprisingly, despite the presence of an EGF receptor to bind ligand and a wild-type ErbB2 kinase domain to phosphorylate substrates, no EGF-stimulated receptor phosphorylation occurred when wild-type ErbB2 was coexpressed with kinase-dead EGF receptors (Fig. 4, lanes 11 and 12) . The EGF receptor, which could potentially be phosphorylated by the wildtype ErbB2 in the heterodimer, was not phosphorylated in this half-dead pairing. Likewise, the level of ErbB2 phosphorylation was very low when compared to what was seen in either the fully wild-type heterodimer (Fig. 4, lanes 3 and 4) or the half-dead heterodimer containing wild-type EGF receptor but kinase-dead ErbB2 (Fig. 4, lanes 5 and 6 ). In fact, the level of ErbB2 phosphorylation was similar to what was seen when ErbB2 was expressed by itself in cells (Fig. 4, lanes 10 and 11) and was not stimulated by the addition of EGF. In keeping with the low levels of receptor phosphorylation seen in this half-dead heterodimer, addition of EGF failed to stimulate the activity of either MAP kinase or Akt. This lack of receptor autophosphorylation and downstream signaling is consistent with the kinase-dead phenotype observed for this pairing in the luciferase assay.
Discussion
ErbB receptors have been shown to be activated through the formation of an asymmetric kinase dimer (9) (10) (11) . However, the mechanics of asymmetric dimer formation and its relationship to the ligand-binding event are open questions. In this work, we used luciferase fragment complementation to address these issues. Two features of this work enable an unequivocal interpretation of the effects of ligand binding on kinase activation. First, we studied the activation of the kinase domains within the EGF receptor/ErbB2 heterodimer in which only one subunit bound ligand. Thus, in the half-dead heterodimers, it is clear whether it is the kinase-active or kinase-dead subunit that is binding ligand. Second, the analyses were done using a luciferase fragment complementation assay in which a signal is generated only when the NLuc and CLuc fragments come into proximity. This approach permits the assessment of the behavior of only the EGF receptor/ErbB2 heterodimers, even in the presence of EGF receptor homodimers.
The results reported here demonstrate that EGF receptor/ ErbB2 heterodimers behave very similarly to EGF receptor homodimers in terms of dimerization and kinase activation, consistent with the notion that the EGF receptor and ErbB2 are largely functionally interchangeable. Both wild-type homodimers and the wild-type EGFR/ErbB2 heterodimers exhibited a rapid decrease followed by a slow recovery in luciferase activity following stimulation by EGF. We interpret this observation as indicating the presence of complementation within inactive predimers that is disrupted following agonist-stimulated kinase activation. Phosphorylation of the C-terminal tail of the activator kinase apparently leads to a conformational change that separates the luciferase fragments, leading to a reduction in luciferase complementation. The data presented here do not address the molecular basis of the recovery of luciferase activity after its initial decline. The recovery may relate to the phosphorylation status of the receptor because mutants that exhibit enhanced or prolonged phosphorylation have a delayed or absent recovery phase (14, 15) .
When both partners in the homodimers or heterodimers were mutated to their kinase-dead versions, stimulation with EGF resulted in a monotonic rise in luciferase activity. These data suggest that EGF induces dimerization of the kinase-dead subunits Fig. 4 . Signaling in cells expressing mixed wild-type and kinase-dead EGFR/ ErbB2 heterodimers. CHO cells expressing the indicated pairs of EGF receptors and/or ErbB2 were treated without or with 10 nM EGF for 2 min. Lysates were prepared and proteins separated by SDS-polyacrylamide gel electrophoresis followed by Western blotting with the indicated antibodies. Because the NLuc fragment interferes with recognition of ErbB2 on Western blots, these experiments were carried out in cells stably expressing receptors that lacked the luciferase fragments.
but that, in the absence of a phosphorylation event, the receptors are trapped in a nonfunctional complex and the steps that lead to the repositioning of the C-terminal tails do not occur.
We took advantage of these easily distinguishable patterns of behavior to explore the relationship between ligand binding and the mechanics of kinase activation using half-dead heterodimers. Although coexpression of wild-type EGF receptor and kinase-dead ErbB2 resulted in entirely wild-type conformational dynamics in the luciferase assay, heterodimers in which a kinasedead EGF receptor was paired with a wild-type ErbB2 exhibited a monotonic rise in luciferase activity characteristic of pairings when both partners were kinase dead, suggesting that EGF can induce the dimerization of the EGF receptor and ErbB2 subunits, but that the presence of a kinase-dead EGF receptor renders the entire heterodimer effectively kinase dead. These findings imply that, in an EGFR/ErbB2 heterodimer, ligand-binding signals the EGF receptor kinase to adopt the receiver position in the asymmetric dimer and to be activated first. The data also suggest that the EGF receptor must phosphorylate the C-terminal tail of ErbB2 before the ErbB2 kinase domain can be activated. Receptor phosphorylation and the activation of downstream signaling pathways were not different in cells expressing WT-EGFR/WTErbB2 and cells expressing WT-EGFR but kinase-dead ErbB2, which can be ascribed to the activity of wild-type EGF receptor homodimers. However, it remains a formal possibility that the ErbB2 kinase domain is never actually activated in a wild-type EGFR/ErbB2 heterodimer and that all the phosphorylation is carried out by the EGF receptor kinase.
Together our findings suggest the model for the mechanics of kinase activation in the EGFR/ErbB2 heterodimer that is shown in Fig. 5 . In the basal state, receptors exist either as monomers in which no luciferase complementation occurs (Fig. 5A1 ) or as inactive predimers in which complementation of the luciferase fragments can occur (Fig. 5A2) . Binding of ligand to the EGF receptor induces dimerization of the receptor with ErbB2 and directs the kinase domain of the EGF receptor (the cis-kinase) to adopt the receiver position in the asymmetric dimer. Thus, the EGF receptor kinase is activated first (Fig. 5B) . If the ciskinase domain is catalytically competent, it phosphorylates the C-terminal tail of ErbB2, the trans-kinase. This transphosphorylation leads to a change in the position of the C-terminal tail of ErbB2, resulting in the separation of the luciferase fragments and a decrease in luciferase activity (Fig. 5C ). This phosphorylation-induced conformational change must occur prior to the formation of the reciprocal asymmetric dimer in which the kinase domain of ErbB2 is activated (Fig. 5D) . If the cis-kinase cannot phosphorylate its partner, the conformational change cannot occur and the trans-kinase domain is never activated.
Variations on this mechanism are likely utilized by other ErbB receptor dimers. For example, results from our recent 125 I-EGF ligand-binding studies are consistent with the interpretation that, in the EGF receptor homodimer, the binding of ligand to the second site on the dimer provides the final driving force for the shift to the reciprocal asymmetric dimer and the activation of the second kinase domain (24) . If this model applies across all heterodimers, activation of the ErbB2/ErbB3 heterodimer by ErbB3 ligands would appear to be problematic. The ligand-binding ErbB3 subunit has been reported to be kinase dead (25) , so it would be unable to carry out the initial transphosphorylation of ErbB2, which would result in the formation of a nonproductive complex with ErbB3 in the receiver position. However, recent work has demonstrated that ErbB3 does in fact possess a weak kinase activity that is capable of trans-phosphorylation within heterodimers (26) . This activity may be sufficient to permit the shift to the reciprocal asymmetric dimer in which ErbB2 occupies the receiver position. Alternatively, in the ErbB2/ErbB3 heterodimer, ligand binding could direct ErbB3 into the activator position, obviating the problems associated with its lack of kinase activity.
These results have been interpreted based on the most parsimonious model of the luciferase fragments complementing each other within the context of a dimer. Given that there is evidence for the formation of higher order oligomers (16, 20, 27, 28) , it is possible that the complementation that we are measuring occurs, not within a dimer, but between two dimers in a tetramer or other oligomer. Although this feature would make the physical model more complex, it does not change the overall interpretation of the data. Regardless of whether the receptors are in a simple dimer or a dimer of dimers, the kinase domain of the ligand-binding subunit must be active to enable wild-type conformational dynamics.
In summary, our results indicate that activation of the kinase domains in the EGFR/ErbB2 heterodimer occurs in a defined sequence. Ligand binding directs the EGF receptor kinase domain to adopt the receiver position and to be the first kinase activated in the heterodimer. If the EGF receptor is kinase active, this activation is followed by the phosphorylation of the ErbB2 subunit. However, if the EGFR kinase is kinase dead, phosphorylation of ErbB2 does not occur and the ErbB2 kinase domain is never activated. These findings provide insight into the mechanics of activation of ErbB kinases and may be valuable in the design of inhibitors of these validated drug targets.
Materials and Methods
DNA Constructs. The ErbB2-NLuc construct was generated by engineering a BsiWI site at the 3′ end of the wild-type ErbB2 sequence in pcDNA3. This plasmid was digested with NheI and BsiWI, and the fragment containing ErbB2 was isolated. The EGFR-NLuc pBI-Tet vector (14) was digested with the same restriction enzymes and the NheI-BsiWI ErbB2 fragment ligated into the plasmid in place of the EGF receptor to generate the ErbB2-NLuc pBI-Tet vector. A similar approach was used to generate the ΔC-ErbB2-NLuc plasmid from the ΔC-EGFR-NLuc plasmid (14) . Both were expressed from the pBi-Tet vector. The ΔC-EGFR-CLuc was on pcDNA6. The kinase-dead K732M-ErbB2-NLuc pBI-Tet construct was generated from the ErbB2-NLuc pBI-Tet plasmid using Quik Change site-directed mutagenesis (Stratagene).
Cell Lines. For the wild-type and half-dead pairs, double-stable cell lines were generated. CHO-K1 Tet-on cells (Clontech) were transfected with either wild-type EGFR-NLuc, wild-type ErbB2-NLuc, or kinase-dead-ErbB2-NLuc in pBI-Tet plus pTK-Hyg. Clones were selected by growth in 400 μg∕mL hygromycin (Invitrogen). Single stable cell lines were then transfected with wildtype or kinase-dead EGF receptor-CLuc on pcDNA3.1(+)/Zeo and stable lines selected by growth in 500 μg∕mL Zeocin.
Transient transfections were used for the double kinase-dead experiments. The K721A-EGFR-NLuc and the K732M-ErbB2-NLuc were in the pBI-Tet vector. The K721A-EGFR-CLuc was in pcDNA 3.1. The plasmids were transiently transfected into CHO-K1 cells as described previously (14) . Trans- efficiency was monitored by cotransfection with and assay for Renilla luciferase (14) .
Luciferase Assays. Cells were plated in 96-well black-walled dishes 48 h prior to use. Cultures were transferred to Dulbecco's modified Eagle's medium without serum or phenol red but with 1 mg∕mL bovine serum albumin and incubated with 0.6 mg∕mL D-luciferin for 20 min at 37°C. EGF was then added at the concentration indicated and cell radiance (photons per second per square centimeter per steradian) was measured at 30-s intervals over a 25 min time course using a cooled CCD camera and an in vivo imaging system (IVIS 50). Points were done in quintuplicate and the data analyzed as described previously (14) .
Kinase Activation and Downstream Signaling. Cells stably expressing the indicated EGF receptor and/or ErbB2 constructs were grown to confluence in 35-mm dishes. Cultures were treated without or with 10 nM EGF for 5 min at 37°C. Radioimmunoprecipitation assay lysates were prepared and equal amounts of protein separated by SDS polyacrylamide gel electrophoresis. Proteins were transferred to PVDF membranes and probed by Western blotting with the indicated antibodies.
